We have screened the nearly complete DNA sequence of the human Y chromosome for microsatellites (short tandem repeats) that meet the criteria of having a repeat-unit size of у3 and a repeat count of у8 and thus are likely to be easy to genotype accurately and to be polymorphic. Candidate loci were tested in silico for novelty and for probable Y specificity, and then they were tested experimentally to identify Y-specific loci and to assess their polymorphism. This yielded 166 useful new Y-chromosomal microsatellites, 139 of which were polymorphic, in a sample of eight diverse Y chromosomes representing eight Y-SNP haplogroups. This large sample of microsatellites, together with 28 previously known markers analyzed here-all sharing a common evolutionary history-allowed us to investigate the factors influencing their variation. For simple microsatellites, the average repeat count accounted for the highest proportion of repeat variance (∼34%). For complex microsatellites, the largest proportion of the variance (again, ∼34%) was explained by the average repeat count of the longest homogeneous array, which normally is variable. In these complex microsatellites, the additional repeats outside the longest homogeneous array significantly increased the variance, but this was lower than the variance of a simple microsatellite with the same total repeat count. As a result of this work, a large number of new, highly polymorphic Y-chromosomal microsatellites are now available for population-genetic, evolutionary, genealogical, and forensic investigations.
Introduction
Microsatellites, or short tandem repeats (STRs), consist of repetitions of a 1-6-bp unit. The number of repetitions (repeat count) can vary between individuals, so microsatellites have proved to be useful markers in several areas of genetics, including gene mapping, forensic investigations, and evolutionary studies. Microsatellites from the nonrecombining portion of the human Y chromosome have an important role in forensic genetics, where they have become the markers of choice, particularly in cases involving sexual assault or in paternity testing when the putative father is not available Kayser et al. 1997) ; they are also used increasingly in genealogical research (Jobling 2001) and find a major application in evolutionary studies as markers for male lineages Stumpf and Goldstein 2001; Jobling and Tyler-Smith 2003) .
Y-chromosomal microsatellites are used in two ways: (1) to distinguish lineages (the number of markers and their variability will determine the degree of discrimination) and (2) to provide information about lineage relationships (the number of markers and the extent to which their properties are understood will influence the reliability of the inferences). Standard forensic databases use either 9 or 11 Y-chromosomal microsatellites Kayser et al. 2002) , and evolutionary studies have used up to 16, but some populations contain many individuals who share the same 16-locus haplotype. For example, 14% of the Parsi population in Pakistan share one 16-locus haplotype (Mohyuddin et al. 2001) , and ∼4% (32/720) of men from a large part of Asia share the same 15-locus haplotype, attributed to Genghis Khan (Zerjal et al. 2003) . Similarly, 13% (26/200) of men from Finland share one 16-locus haplotype (Hedman et al. 2004 ). Thus, even 15 or 16 Y-chromosomal microsatellites are insufficient for some applications. Conversely, in rare cases, father and son differ because a mutation has occurred (Kayser et al. 2000); forensic or paternity-testing calculations must take this possibility into account (Kayser and Sajantila 2001; Rolf et al. 2001) . For reliable evolutionary inferences, large numbers of microsatellites are needed (e.g., 120), and the mutational properties of each locus should be well understood (Stumpf and Goldstein 2001) . There is thus a need for both additional loci and a better understanding of their properties. Prior to this study, only 53 different Y-chromosomal microsatellites (counting all loci that can be analyzed separately) were known, of which 52 were published (Chen et al. 1994; Mathias et al. 1994; Jobling et al. 1996; Kayser et al. 1997; White et al. 1999; Ayub et al. 2000; Iida et al. 2001 Iida et al. , 2002 Bosch et al. 2002; Redd et al. 2002; Mohyuddin et al. 2004 ) and one was deposited in the Genome Database (GDB). This contrasts sharply with the number of autosomal microsatellites, of which several hundred are available for each human chromosome (Dib et al. 1996) . Genomewide analysis of the published human DNA sequence has demonstrated that the density of microsatellites у12 bp in length (combining all repeat-unit lengths) is similar on all chromosomes, including the euchromatic portion of the Y chromosome (Subramanian et al. 2003) , so more Y-chromosomal loci should be present. Most of the loci investigated by Subramanian and colleagues were short and monomorphic, but longer, polymorphic microsatellites can readily be identified from sequence data by use of the program Tandem Repeats Finder (Benson 1999; Ayub et al. 2000) . We have therefore screened the nearly complete Y-chromosomal DNA sequence for microsatellites with a unit size that is у3 and a repeat count that is у8. These criteria were chosen to yield loci that would have a high probability of showing variation and that would be free from the "stuttering" that complicates the scoring of mono-and dinucleotide microsatellites. Loci were then taken through a series of sequential tests for (1) novelty, (2) in silico design of locus-specific primers, (3) experimental validation of Y-specific amplification, (4) polymorphism screening, and (5) DNA sequencing. This screen resulted in the development of 166 novel Y loci, 139 of which were polymorphic in a small but diverse sample of eight Y chromosomes. This large number of loci, together with 28 previously known markers analyzed here, provided an opportunity to test some of the properties of microsatellites: the relationship between microsatellite length or repeat count and variance, the effect of sequence complexity, and the potential role of an origin from retrotransposons, such as Alu and LINE elements. An analysis of these human Y-chromosomal microsatellites in nonhuman primates is currently under way (A. Erler, M. Stoneking, and M. Kayser, unpublished data).
Methods

Database Screen for Tandem Repeats
We obtained 23 Mb of the four genomic contigs (NT_ 011896, NT_011878, NT_0113, and NT_011903) that represent the known sequence of the euchromatic nonrecombining region of the human Y chromosome (NRY) (GenBank Web site [initial sequence download, March 2001; recheck, April 2002] ). These sequences were used as input for the program Tandem Repeats Finder (Benson 1999; Tandem Repeats Finder Web site). A set of 475 STRs was chosen from the output files by visual examination, according to the following criteria: (1) unit size of 3-6 bp and (2) a perfect match of an array of eight or more copies. These sequences were compared with the National Center for Biotechnology Information (NCBI) Homo sapiens genomic sequence database by use of BLAST (BLAST Web site) to identify loci that matched other sequences on the Y chromosome or elsewhere in the genome. Primers were designed within the 200 bp of DNA flanking each microsatellite by use of the program Primer3 (Rozen and Skaletsky 2000; Primer3 Web site). For microsatellites exhibiting high sequence similarity to other loci, at least one primer with two or more mismatches at the 3 end was designed. In total, 149 microsatellites were excluded from further experimental work either because no primer could be designed that was exempt from formation of hairpins and primer dimers or because no locus-specific primer could be found. In addition, 45 known microsatellites were identified in our data set, which reduced the total number of new Y-specific candidate microsatellites to 281. To allow the subsequent combination of microsatellites for multiplex PCR, we designed primers preferentially for the same annealing temperature (∼60ЊC) and chose a range of amplicon lengths (∼100-400 bp).
DNA Samples
DNA samples of three male and two female human individuals were used for locus evaluation. DNA samples from eight males belonging to the binary-marker haplogroups A, B, C, E, I, J, K*, and R were used for polymorphism testing (nomenclature according to the Y Chromosome Consortium [2002] ). To cover the maximum amount of Y-chromosome genetic diversity, individuals were ascertained from different Y-SNP haplogroups. These males originated from the following geographic regions: A: Africa (San); B: Africa (Biaka Pygmy); C, E, and K*: Asia (Pakistan); and I, J, and R: Europe (United Kingdom, Portugal, United Kingdom, respectively).
PCR Optimization
PCR was optimized, and microsatellites were genotyped and sequenced in five different laboratories. Although there were minor differences in protocols between laboratories, we give here the protocol followed in the Leipzig laboratory. Details of the slight variations used in other laboratories are available from the authors on request.
Candidate loci from computational investigation were investigated for male specificity by establishing PCR assays. All loci underwent PCR-based optimization procedures by use of DNA samples from three male and two female individuals. Two parameters were tested: (1) annealing temperature and (2), if necessary, MgCl 2 concentration. Two different PCR systems were used: system A and system B. For system A, PCR was performed by analyzing 10-20 ng genomic DNA in a total volume of 25 ml. Final concentrations were as follows: 1# SuperTaq buffer and 0.35 U SuperTaq (HT Biotechnology), MgCl 2 at 1.5 mM ϩ (n # 0.7 mM; 1, 2, 3, 4), n p 800 mM dNTPs (200 mM each), 200 nM of each primer, and 9 nM TaqStart monoclonal antibody (BD Biosciences Clontech). Before preparation of the PCR master mix, the SuperTaq polymerase was mixed with TaqStart antibody. Cycling conditions (on an MJ PTC-200/225) were as follows: initial denaturation at 94ЊC for 3 min; touchdown with 8 cycles of 60 s at 94ЊC, 60 s at T a (annealing temperature) ϩ 4ЊC (minus 0.5ЊC/cycle), and 60 s at 60ЊC; 32 cycles of 60 s at 94ЊC, 60 s at T a , and 60 s at 60ЊC; and a final extension of 10 min at 60ЊC. In the case of an annealing temperature 160ЊC, the elongation steps and the final extension step were performed at the annealing temperature. For PCR system B, 1# PCR buffer I (containing 1.5 mM MgCl 2 ), and 0.5 U Amplitaq Gold (Roche Molecular Systems), 200 mM dNTPs (50 mM each), and 1 mM of each primer were used. Cycling conditions (on an MJ PTC-200/225) were as follows: initial denaturation at 95ЊC for 14 min; 32 cycles of 45 s at 94ЊC, 45 s at T a , and 45 s at 72ЊC; and a final extension of 5 min at 72ЊC. For both systems, the initial annealing temperature was 60ЊC. When nonspecific PCR products were observed, the annealing temperature was increased in steps, and when no PCR product was observed, it was decreased. PCR products were separated and visualized via conventional agarose gel electrophoresis and ethidium bromide staining (2% SeaKem LE agarose, 1# TBE buffer, 400 ng/ml ethidium bromide). Normally, PCR optimization was performed until a single (or multiple) male-specific PCR fragment(s) was (were) obtained, with no amplification of female DNA. However, in some cases, PCR products were obtained from female DNA, but those loci were used only if there was a clear length difference between the male and female products. No male-specific protocol could be developed for 67 loci, which were excluded from further analysis, and 48 loci could not be optimized at all. In total, male-specific amplification assays could be developed for 166 new Y-chromosomal microsatellites.
Microsatellite Genotyping
To screen for polymorphisms in the new Y-chromosomal microsatellites, eight male DNA samples were genotyped by use of fluorescence-based fragment-length analysis. In addition, a female DNA sample was used as a control. One primer from each pair was fluorescently labeled (TAMRA, FAM, JOE, or HEX), and the optimized PCR conditions (see above and the online-only tab-delimited data set) were utilized. Amplification products were separated by electrophoresis through a 5% Long Ranger polyacrylamide gel (FMC Bioproducts) by use of an ABI 377 sequencer (Perkin-Elmer Applied Biosystems). Allele sizes were determined in relation to internal size standards (ROX400 and ROX500) by use of GeneScan 2.1 software (Perkin-Elmer Applied Biosystems). Three different amplification products, labeled with different fluorescent dyes, were analyzed simultaneously. The loading amount was determined by a semiquantitative comparison to a standard concentration on an agarose gel (see above for conditions). In addition to the newly described markers, 22 of the published Ychromosomal microsatellites were also analyzed in the same eight DNA samples, by use of published protocols: DYS19, DYS388, DYS389I, DYS389II, DYS390, DYS391, DYS392, DYS393 (Kayser et al. 1997 (Kayser et al. , 2002 , DYS385a, DYS385b (Kittler et al. 2003) , DYS425 (Thomas et al. 1999 ), DYS434, DYS435, DYS436, DYS437, DYS348, DYS439 (Y-GATA-A4) (Ayub et al. 2000) , Y-GATA-7.1 (DYS460), Y-GATA-7.2 (DYS461), Y-GATA-A10, Y-GATA-H4, and Y-GATAC4 (DYS635) (White et al. 1999 ). An additional six of the previously known markers were typed by use of newly designed primers and protocols: DYS426 (Y3C8), DYS454 (Y4S29), DYS443 (Y4C12), DYS444 (Y4C37), DYS449 (Y4C169), and BV005731 (Y4C83). Overall, 194 different Y-chromosomal microsatellites, made up of 166 new and 28 previously known markers, were typed and analyzed in this study.
Microsatellite DNA Sequencing
Two alleles of different lengths were sequenced for each locus. This allowed the variable array(s) to be identified and fragment sizes to be calibrated as repeat counts. Unlabeled PCR products were purified with the Wizard purification kit (Promega) or the QIAquick PCR purification kit (Qiagen). Cycle sequencing was per-formed by use of the ABI BigDye Terminator Cycle Sequencing Ready Reaction kit (PE Applied Biosystems). Sequencing products were purified by use of an isopropanol-based protocol and were separated via a 5% Long Ranger denaturing polyacrylamide gel (FMC Bioproducts) on an ABI 377 sequencer (PE Applied Biosystems). The results were analyzed by use of Sequencing Analysis Software 3.4 (PE Applied Biosystems) and SeqManII, version 5.00 (DNASTAR). Loci with multiple male-specific amplification products were excluded from sequence analysis. Of the 166 new Y-chromosomal microsatellites, we obtained complete de novo sequence information for 120 markers. For the remaining markers, the PCR primers used for sequencing were located too close to the start of the repeat for complete repeat information to be read, or (in rare cases) sequence analysis was unsuccessful for unknown reasons. From the 28 previously known Y microsatellites used here, we obtained complete de novo sequence information for 19 markers. Thus, a total of 139 Y-chromosomal microsatellites were successfully sequenced in this study.
Alu/LINE Associations
The association of microsatellites with Alu and LINE elements was investigated by use of RepeatMasker (RepeatMasker Web Server) to identify repeated elements in the 200 bp of flanking DNA on each side of each microsatellite. An association was counted when the microsatellite lay at the 3 end of the element at the location of the polyA tail. Cases in which a microsatellite was located either internally or at the 5 end of an element, as well as instances in which a gap existed between the polyA tail and the microsatellite, were not considered to be associations.
Microsatellite Locus Delimitation, Repeat Count, and Complexity
There are several ways to classify microsatellite sequences. One classification method considers all repetitive units within a given PCR amplicon as part of the same multiple microsatellite locus. However, the location of the PCR primers does not necessarily provide the most biologically relevant delimitation of a repetitive sequence. We therefore decided to use more-specific criteria reflecting biological relevance. Identifying the beginning and end of a simple microsatellite is trivial, but it can be complicated for a complex microsatellite. A variation in sequence along a repeat array can represent a change to another part of the same microsatellite (making it a complex locus) or to the end of the microsatellite. Rules must be chosen to decide between these possibilities. We note that, according to the definition used here, an amplicon may contain more than one microsatellite locus. We adopted the following five criteria for defining the ends of a locus. First, the analysis began with the array of у8 homogeneous units identified by Tandem Repeats Finder. Second, when a variant unit was encountered, it was classified as (1) an insertion/deletion (only insertions/deletions of one base were allowed); (2) a base substitution creating a new unit sequence within the same locus; or (3) the end of the locus. These classifications were attempted in order (1, 2, 3), to reflect their parsimony and biological relevance: for example, (GATA) n (GAT) 1 (GATA) m was preferred over the alternative description, (GATA) n (GATG) 1 (ATAG) m , since a single-nucleotide ("A") deletion provides a more parsimonious description of the structure than two changes in unit sequence. Third, if the variant structure could not be explained by a single-base insertion/deletion, the phase of the repeat was maintained and the next step was to decide whether the locus continued with a different repeat unit or whether it ended. For it to continue with a second unit sequence, there must be two or more copies of the new unit. If there was only one, the locus could either (1) continue with a return to the first repeat unit, (2) continue with a third repeat unit, or (3) end. For example, (GATA) n (GACA) 2 , (GATA) n (GACA) 1 (GATA) m , and (GATA) n (GACA) 1 (GAAA) m (where n and m are 12) were all considered to be single loci, but (GATA) n (GACA) 1 (GAAA) 1 (GATA) m was considered to end after (GATA) n , with (GATA) m as a separate locus. Fourth, apart from single-base insertions/deletions, changes in unit length represent different loci; dinucleotide repeats, for example, were not considered to be part of the trinucleotide (or other) repeats of interest in this study, even if they were directly adjacent. Finally, isolated arrays of only two tandem repeats were not counted. The repeat count is then the number of units within a locus; therefore, in the first example in this paragraph, the repeat count is (n ϩ 1 ϩ m).
Microsatellites have conventionally been classified as "simple" if they contain an uninterrupted run of units sharing the same sequence (homogeneous array) and as "complex" if there is an interruption or change in the sequence. However, complexity is a quantitative characteristic, so we developed an analog of the Nei genediversity formula (Nei 1987 ) to quantify it:
where n stands for the number of units, i s stands for the frequency of the ith sequence, and i b stands for the frequency of the ith block. This represents the probability that two randomly chosen units from the same locus have different sequences, multiplied by the probability that two randomly chosen units from the same locus lie in different blocks. Complexity varies from 0 for a simple microsatellite such as (AAT) 13 to 1 for a nonrepeated sequence. In practice, complexity values 10.6 are rare; the average value for the complex loci listed in the online-only tab-delimited data set was 0.20, and the highest value observed was 0.69.
Variance Analysis
Repeat variance was calculated if genotypes from six or more (usually eight) of the eight males were available. Multicopy loci and loci with more than one polymorphic repeat (observed in our sequencing data) were excluded from variance analyses.
Statistical Tests
Multiple linear regression analyses, Mann-Whitney U tests, and Wilcoxon signed-rank tests were performed by use of the software package SPSS, version 11 (SPSS). The direction of mutational changes was inferred by use of MacClade (Maddison and Maddison 1992 ; MacClade Web site).
Results
Identification of New Y-Chromosomal Microsatellites
Screening of 23 Mb of Y-chromosomal sequence by use of the program Tandem Repeats Finder revealed 475 loci that met the criteria of a unit size of у3 bp and a perfect array with a repeat count of у8. Of these 475 loci, 45 corresponded to previously known loci and 149 did not allow suitable primers to be designed, providing 281 novel candidate loci for further evaluation (table  1) . Primers were synthesized for these loci and were tested experimentally in DNA samples of three males and two females, with the result that 166 new microsatellite loci showed male-specific amplification (table 1) . Details of these loci have been deposited in the Genome Database (see Genome Database Web site); they are also given in the online-only tab-delimited data set. There were 51 trinucleotide repeat loci, 100 tetranucleotide repeat loci, 14 pentanucleotide repeat loci, and 1 hexanucleotide repeat locus (table 2). The 166 new loci identified here increase the number of available microsatellites for the human Y chromosome to 219, with the distribution of repeat types shown in figure 1. In the 23 Mb of Ychromosomal DNA sequence available, there are thus almost 10 useful microsatellites per Mb. The 219 microsatellites are distributed throughout the entire euchromatic region of the Y chromosome ( fig. 2) , except near the centromere (which is not represented in the sequence database), although there is a reduction in their density in the recently transposed X-Y homologous region on Yp.
Copy Number of the New Y-Chromosomal Microsatellites
Multicopy Y-chromosomal microsatellites are common and are accounted for by their location in the palindromes P1-P8 (which themselves carry some sequences related to each other) that make up 25% of the euchromatin . Among the 166 loci, 38 were expected to produce multiple Y-chromosomal fragments, because the primer pairs showed 100% sequence identity to more than one location in the published Y-chromosome sequence. Of these 38 loci, 25 did indeed show multiple Y-specific bands in the PCR analysis, but 13 showed only a single product in all individuals, perhaps reflecting difficulties in sequence assembly, gene-conversion events leading to homogeneity between copies (Rozen et al. 2003) , or insufficient evolutionary time for the alleles to diverge in repeat number. It is more surprising that three loci (DYS507, DYS514, and DYS518), each with a single location in the sequence database, produced two PCR fragments experimentally in one, two, or three of the eight chromosomes, respectively. These could not be accounted for by mispriming from known related sites, but they may arise from mutations that create additional sites or duplication/gene-conversion polymorphisms on the Y chromosome, as has been observed at known single-copy Y-chromosomal microsatellites (e.g., Bosch and Jobling 2003; Santos et al. 1996 ; for a summary, see Kayser et al. 2000) . The number of multicopy Y-chromosomal microsatellites identified here is a minimum, since multiple copies with identical microsatellite length (due to insufficient evolutionary time for the alleles to mutate) would escape detection. All loci with detectable multiple copies were excluded from further statistical analyses because correct allele-locus assignment is impossible.
Microsatellite Origins from Retroposon Elements
A large proportion of the microsatellites in the human genome are thought to have originated from the polyA tails of retroposons, principally the Alu and LINE-1 elements. For example, one study found that 72% (275/ 381) of the tri-to hexanucleotide repeats with a total length of 116 bp, from 2.8 Mb of genomic DNA, were closely associated with the 3 end of a retroposon (Nadir et al. 1996) . In an in silico survey, which included some loci that could not be analyzed experimentally, we found that 114/257 (44%) of Y-chromosomal microsatellites were associated with the 3 end of Alu repeats and 26/257 (10%) were associated with LINE-1-element 3 ends. This suggests that, overall, at least 140/257 (54%) of Y-chromosomal microsatellites originated from retro-
Figure 1
Unit-size distribution of 53 previously known and 166 new human Y-chromosomal microsatellites. (fig. 3) . The largest number of LINE-1 associa-.0001 tions was with trinucleotide repeats (14/22 simple loci). There is thus a remarkable tendency for LINE-1 elements that give rise to microsatellites meeting our criteria to form simple trinucleotides: 14/26 LINE-1-associated microsatellites were simple trinucleotides, compared with 33/ 231 non-LINE-1-associated microsatellites (x 2 test: P ! ). .0001
Variability of the New Y-Chromosomal Microsatellites
Of the 166 new Y-chromosomal microsatellites, 139 were found to be polymorphic among eight Y chromosomes that belong to different haplogroups defined by binary markers. The distribution of these among microsatellite unit-size classes is shown in table 2. The average total number of repeats among 19 nonpolymorphic loci was 9.7 (8.6 for the longest homogeneous array), compared with an average total length of 14.4 repeat units (11.8 for the longest homogeneous array) among 102 polymorphic loci, a significant difference (Mann-Whitney U test: and for the total array; Z p Ϫ4.658 P ! .001 and for the longest homogeneous Z p Ϫ5.367 P ! .001 array [the analysis considers only loci for which repeatcount information was available from de novo sequence analysis]). Low repeat count is therefore associated with a lack of variation in this sample, as might be expected.
Microsatellite variability can be summarized by a number of measures, including diversity and variance. We show both of these in the online-only tab-delimited data set, but we consider variance to be the more informative because it takes into account not only whether or not a difference exists between alleles but also the magnitude of any difference. Variance is therefore the measure used in the analyses below. Trinucleotide repeats tend to have low or high variances, whereas microsatellites with larger units are more likely to have intermediate variances (fig.  4) . The increased representation of trinucleotide repeats in the low-variance class may reflect a dependence of variability on absolute length (see below), such that loci with a trinucleotide repeat count of 8 have often not accumulated mutations in the set of chromosomes investigated. Their increased representation in the highvariance classes may result from the high mutation rate characteristic of some trinucleotide loci, such as those associated with trinucleotide-expansion diseases.
Relationship between Microsatellite Sequence and Variability
Simple microsatellites.-A major aim of this study was to use a large sample of loci to investigate the factors that influence microsatellite variability. We first consider
Figure 2
Localization of the 219 currently known microsatellites on the euchromatic part of the human Y chromosome 
Figure 4
Variance characteristics of Y-chromosomal microsatellites with different repeat-unit lengths. the completely simple microsatellites (i.e., those loci that consist of one type of repeated unit in an uninterrupted [homogeneous] array within the PCR amplicon); there were 78 such simple microsatellites among the 166 new Y-chromosomal loci described here (see the online-only tab-delimited data set), of which 7 loci are multicopy and thus not suitable for variance analysis. An additional 12 such loci were present in the 28 previously described Y-chromosomal microsatellites included in this study (see the online-only tab-delimited data set). For 65 of these 83 single-copy simple microsatellites, DNA sequence analysis provided direct information on repeat count. To test which sequence factor(s) significantly influence(s) the repeat variance of simple microsatellites, we performed a stepwise multiple linear regression analysis (stepwise criteria: probability of F to enter р0.05; probability of F to remove у0.10) that used the following parameters: average repeat count (i.e., average number of consecutive [homogeneous] repeats), repeat-unit size (i.e., tri-, tetra-, or pentanucleotide repeat), and retrotransposon association (i.e., whether or not a repeat originated from a retrotransposon [Alu, LINE-1] element). When all parameters were considered, a single model including only the average repeat count was obtained; this model showed a highly significant positive correlation of average repeat count to repeat variance 5A ). In addition to these completely simple microsatellites that contain a single homogeneous repetitive array within the PCR amplicon, we identified another 50 simple loci that lay within PCR amplicons containing more than one microsatellite locus (by use of our criteria for microsatellite locus delimitation; see the "Methods" section). Of those, 12 loci met the same criteria of length, unit size, and availability of sequence information and were thus applied to multiple regression analysis obtaining similar conclusions: that is, average repeat count is the only sequence parameter that significantly explains repeat variance in simple microsatellites ( ; ad-R p 0.695 justed ; ; ). This supports 2 R p 0.432 F p 9.356 P p .012 not only our conclusion about the importance of average repeat count but also the way we identified repetitive loci in this study.
Complex microsatellites.-Complex microsatellites consist of more than one type of repeated unit and/or contain interruptions. Their analysis, in contrast to that of simple microsatellites, allows us to investigate the effect of insertions/deletions and/or different types of repeated units on microsatellite mutability and thus on repeat variance. Of the 166 new Y-chromosomal micro-
Figure 5
A, Relationship between average repeat count and repeat variance for 65 completely simple Y-chromosomal microsatellites ( ; ) .B, Relationship between average repeat count of the longest homogeneous array (which normally is variable) and repeat R p 0.595 P ! .001 variance for 104 complex Y-chromosomal microsatellites ( ; ). R p 0.591 P ! .001 satellites identified in this study, 88 were complex (see the online-only tab-delimited data set), including 17 that are multicopy and thus not suitable for variance analysis. In addition, 16 of the 28 previously known microsatellites analyzed here were also complex (see the online-only tab-delimited data set). For 72 of these 87 single-copy complex loci, DNA sequence analysis provided the repeat-count information needed for statistical analysis. Within these 72 loci, we identified a total of 104 complex microsatellites on the basis of our criteria for microsatellite locus delimitation (see the "Methods" section), which were thus amenable to variance analysis.
To test which sequence factors significantly influence the repeat variance of complex microsatellites, we again performed stepwise multiple linear regression analyses and tested the following parameters: repeat count of the longest homogeneous array, which is normally variable; total repeat count; count of repeats in addition to the longest variable array; unit size; retroposon association; repeat complexity (see the "Methods" section); and total repeat-block count. When all parameters were considered, a single model, which included only the repeat count of the longest homogeneous array (averaged across individuals), was found to predict repeat variance best ( ; adjusted ; ; 2 R p 0.591 R p 0.343 F p 54.837 P ! ). No significant partial correlation of any of the .001 other parameters with the variance was identified (R ! ; ). Thus, of all the parameters tested, the 0.16 P 1 .111 average repeat count of the longest homogeneous array explained most of the variance (34.3%) of complex microsatellites ( fig. 5B ). Total repeat count was also significantly correlated with variance when tested separately ( ; adjusted ) but less so than the 2 R p 0.506 R p 0.249 average repeat count of the longest homogeneous array.
The large number of complex microsatellite loci in this study enabled us to test whether the presence of additional repeats (outside the longest homogeneous repeat) influences microsatellite variability. To do this, we compared the average variance at complex microsatellites with that of simple microsatellites with the same average number of repeats. For simple loci, we used the total repeat count, whereas for complex loci the repeat count of the longest homogeneous array was used. Of 14 repeat-count categories for which data were available from both simple and complex loci, we observed that, in 9 categories, the average variance was higher in the complex microsatellites, in 3 categories it was equal, and in 2 categories it was higher in the simple microsatellites ( fig. 6A) . A Wilcoxon signed-rank test revealed that complex and simple microsatellites differ significantly (P p ) in their variance. Thus, there is a significantly greater .05 variance at complex microsatellites compared with simple microsatellites with the same average homogeneous repeat count. The higher variance observed at the complex microsatellites is presumably caused by the presence of the additional repeats (outside the longest variable homogeneous array) in the complex microsatellites.
To determine if the number of these additional repeats influences microsatellite variability, we compared the 50 loci with the smallest numbers of additional repeats (2-4 repeats; average variance 0.615) with the remaining 54 loci with the highest numbers of additional repeats (5-32 repeats; average variance 1.454). The difference in the variance between these two groups of loci is statistically significant (Mann-Whitney U test: ; Z p Ϫ2.07 ). Also, the number of additional repeats (out-P p .039 side the longest variable homogeneous array) at complex loci is positively correlated with the repeat variance ( ), and this approaches statistical significance R p 0.180 ( ; ). Together, these results suggest F p 3.419 P p .067 that the number of additional repeats (outside the longest variable homogeneous array) does influence the variance of the longest variable homogeneous array at complex microsatellites.
To examine whether (1) increased repeat count within the longest variable homogeneous array or (2) increased repeat count outside this array has the larger effect on the microsatellite variance at complex loci, we compared the average variance at complex and simple loci with the same total repeat count (averaged across individuals) ( fig. 6B ). For the 13 total repeat-count categories with data for both simple and complex loci, there were 10 categories in which the complex loci had less variance, 2 in which they were identical, and 1 in which the complex locus had more variance. Thus, complex microsatellites are significantly less variable than simple microsatellites with the same number of total repeats (Wilcoxon signed-rank test:
). Consistent with this, com-P p .01 plexity itself has a significantly negative effect on the variance: the correlation coefficient of complexity and the repeat variance was ; . R p Ϫ0.195 P p .048
Phylogeny from Y-Chromosomal Microsatellites
Highly variable microsatellites are expected to be poor markers for reconstructing deep phylogenetic relationships between lineages because recurrent mutations introduce "noise" that obscures the true relationships. We were nevertheless interested to investigate the extent to which the use of a large number of Y-chromosomal microsatellites would overcome this noise. We therefore constructed phylogenies for the eight chromosomes by use of 100 loci (the maximum number accommodated by the Network program) and median-joining/reduced-median networks or a minimum-spanning tree. These all differed from one another, and from the binary-marker phylogeny (results not shown). These findings confirm that even 100 microsatellites do not produce a robust resolution of deep lineages within a molecular phylogeny.
The binary-marker phylogeny, however, allows us to investigate some additional mutational properties of the microsatellites. We used the binary-marker phylogeny to infer the history of mutational changes at the 123 singlecopy polymorphic loci for which there were complete data. We inferred that there must have been 132 mutations that resulted in an increase in allele length, compared with 102 decreases, a difference that just achieves statistical significance ( ; 1 df; ). 2 x p 3.85 P p .04986 This observation is consistent with the excess of expansions over contractions in allele length observed in other studies (Amos et al. 1996; Kayser et al. 2000) .
Discussion
We have performed a comprehensive survey of Y-chromosomal microsatellites. It is likely that our survey includes most of the loci meeting our criteria that exist. A few will have been missed because they lie in gaps in the sequence data; others were excluded because they happened to have a particularly short allele on the chromosome that was sequenced. Some that were discarded during the analysis because we could not design suitable primers or generate specific PCR products could probably be used with improved techniques. Some that were not polymorphic in our sample of eight chromosomes may well show variation in a larger sample. One test of
Figure 6
A, Comparison between simple and complex microsatellites, grouped according to average total repeat count, and complex microsatellites with the same average repeat count in the longest homogeneous array. B, Comparison between simple microsatellites, grouped according to average total repeat count, and complex microsatellites with the same average total repeat count. For repeat count !7, the average repeat variance was 0 for both simple and complex microsatellites. the proportion that we have identified is the fraction of previously known loci that was detected. Of the 48 known loci that met our criteria (i.e., excluding dinucleotides and X-Y homologous loci), we identified 45 (94%). Thus, it is likely that we have identified and characterized the majority of the useful microsatellites on the Y chromosome. Our work therefore provides a fundamental resource for future work in this area. We foresee several uses for these loci, on the basis of an informed choice of the most suitable loci for each application. In forensics, high variability is usually the most important characteristic, and many new highly variable loci are now available (see the online-only tabdelimited data set). Multicopy loci, such as DYS385 or DYS640, are often the most variable because the different copies vary independently, but they are not ideal for some purposes, such as determining the number of individuals contributing to a mixed stain. A multiplex consisting of highly variable single-copy loci would be easier to interpret. Such a resource, which could amplify up to 20 loci simultaneously , can now be established. In population genetics, both the variability and the understanding of the mutational mechanism are important. Although high variability is often required, structurally simple loci, which mutate in a simple way so that fragment size is a reliable guide to allele structure, are the best choice, and the new loci provide many additional examples. We therefore list the simple new loci with the highest variances in table 3. If less-variable loci are required-for example, for comparing distantly related lineages (Forster et al. 2000) they are also available (see the online-only tab-delimited data set).
The availability of such a large number of loci creates new possibilities, particularly for genealogical research. For example, if the average mutation rate for all Y microsatellites were the same as that of the known loci, namely 2.8 # 10
Ϫ3 (Kayser et al. 2000) , then approximately half of meioses would show one or more mutations when all 216 loci were typed, so very closely related Y chromosomes could often be distinguished. More-precise estimates of the time back to the most recent common ancestor of any pair of Y chromosomes could also be obtained (Walsh 2001) . For example, if two Y chromosomes match at 9/10 microsatellites, their most recent common ancestor is expected to have lived 26 generations ago, with a 95% CI of 6-147 generations; if they match at 90/100 loci, the CI is reduced to 15-49 generations.
The variation of a set of microsatellites observed in a population sample usually depends on both locus structure and population history. In this study, each locus has the same genealogy and population history because the loci are never separated by interchromosomal recombination. We can therefore investigate the effects of locus structure on variance in a straightforward way. Previous work has documented the decreased variability that results from base substitution within the repetitive array (i.e., complexity) (Jin et al. 1996) and the positive correlation between repeat count and population variability for human dinucleotide microsatellites (Weber 1990) . Our work now allows these effects to be quantified. We find a highly significant positive correlation of repeat variance with repeat count at simple and complex microsatellites. In complex microsatellites, the largest contribution comes from the number of repeats at the longest homogeneous array, which is normally the polymorphic part of the complex microsatellite (and not from the total repeat count). However, the presence of repeats in addition to the longest homogeneous array increases the variance above that expected for a simple microsatellite matching the repeat count of the homogeneous array but below that for a simple locus with the repeat count of the total complex locus. In other words, a complex microsatellite consisting of the arrays 8,4 (e.g., [GATA] 8 [GACA] 4 ) is typically more variable than a simple microsatellite with a homogeneous repeat count of 8 but less variable than a simple microsatellite with a homogeneous repeat count of 12.
It should be possible to take advantage of the stable Y phylogeny, already established by use of binary markers, to infer further aspects of the microsatellite mutational processes, such as the relative rates of gains and losses. Information about gene-conversion events can be obtained, and regions of the chromosome that are involved in duplication or deletion events can be identified. Many of the findings should be applicable to loci throughout the genome. In conclusion, we thus anticipate that there will be many uses for the new Y-chromosomal microsatellites described here.
